The sorting nexin 27 (SNX27)-retromer complex is a major regulator of endosome-to-plasma membrane recycling of transmembrane cargos that contain a PSD95, Dlg1, zo-1 (PDZ)-binding motif. Here we describe the core interaction in SNX27-retromer assembly and its functional relevance for cargo sorting. Crystal structures and NMR experiments reveal that an exposed β-hairpin in the SNX27 PDZ domain engages a groove in the arrestin-like structure of the vacuolar protein sorting 26A (VPS26A) retromer subunit. The structure establishes how the SNX27 PDZ domain simultaneously binds PDZ-binding motifs and retromer-associated VPS26. Importantly, VPS26A binding increases the affinity of the SNX27 PDZ domain for PDZ-binding motifs by an order of magnitude, revealing cooperativity in cargo selection. With disruption of SNX27 and retromer function linked to synaptic dysfunction and neurodegenerative disease, our work provides the first step, to our knowledge, in the molecular description of this important sorting complex, and more broadly describes a unique interaction between a PDZ domain and an arrestin-like fold.
The sorting nexin 27 (SNX27)-retromer complex is a major regulator of endosome-to-plasma membrane recycling of transmembrane cargos that contain a PSD95, Dlg1, zo-1 (PDZ)-binding motif. Here we describe the core interaction in SNX27-retromer assembly and its functional relevance for cargo sorting. Crystal structures and NMR experiments reveal that an exposed β-hairpin in the SNX27 PDZ domain engages a groove in the arrestin-like structure of the vacuolar protein sorting 26A (VPS26A) retromer subunit. The structure establishes how the SNX27 PDZ domain simultaneously binds PDZ-binding motifs and retromer-associated VPS26. Importantly, VPS26A binding increases the affinity of the SNX27 PDZ domain for PDZ-binding motifs by an order of magnitude, revealing cooperativity in cargo selection. With disruption of SNX27 and retromer function linked to synaptic dysfunction and neurodegenerative disease, our work provides the first step, to our knowledge, in the molecular description of this important sorting complex, and more broadly describes a unique interaction between a PDZ domain and an arrestin-like fold. A fter endocytosis, transmembrane proteins (here termed cargos) are delivered to the early endosome, where endosome-associated protein complexes direct their sorting to one of two fates (1) . Either the cargo is sorted for inclusion into forming intraluminal vesicles, which leads to its ultimate degradation in the lysosome (2) , or the cargo is recycled to either the trans-Golgi network (TGN) (3) or the plasma membrane for reuse (4) . By regulating the residency time and transport of transmembrane proteins through the endosome network, cargo sorting plays a vital role in maintaining the functionality of the plasma membrane and TGN, and in allowing active remodeling of the protein and lipid composition of these membranes during organism development and in response to cellular demand.
Retromer is an ancient, stable heterotrimer composed of VPS26, VPS29, and VPS35 (5, 6) . Although retomer initially was characterized through its role in recycling cargo proteins from endosomes to the TGN (7), the recent identification of the sorting nexin-27 (SNX27)-containing retromer complex as an important regulator of cargo recycling from endosomes to the plasma membrane (8) has established retromer as a master regulator of multiple endosome recycling pathways (9) . SNX27 itself serves as an endosomeassociated cargo adaptor that interacts with transmembrane cargo proteins containing Asn-Pro-Xaa-Tyr (NPxY) motifs through its carboxy-terminal 4.1/ezrin/radixin/moesin (FERM)-like domain (10) , and via its amino-terminal PSD95, Dlg1, zo-1 (PDZ) domain with transmembrane proteins that have class I PDZ-binding motifs (PDZbms) (S/T-x-Φ) (11) (12) (13) . SNX27-retromer cargos containing PDZbms include the β2-adrenergic receptor (8) , ionotrophic glutamate receptors (NMDA and AMPA receptors) (14) , potassium channels (15) , somatostatin receptor (16) , and the glucose transporter 1 (GLUT1) (17) . Indeed, our recent proteomics analysis identified more than 80 transmembrane proteins, including ion and amino acid transportors, nutrient transporters, and signaling receptors, that depend on the SNX27-retromer complex for their endosome-to-plasma membrane recycling (17) .
Given the importance of SNX27-retromer for the recycling of cargo proteins that perform a wide variety of essential cellular functions, it is not surprising that homozygous knockout animal models are embryonically lethal (18) . However, disruption of retromer-mediated endosome sorting, either as a result of reduced expression or through an autosomal recessive mutation, is observed in various neurodegenerative disorders, including Parkinson disease (19, 20) , Alzheimer's disease (21) , and, for SNX27, Down syndrome (22) . Moreover, the identification of a small molecule that appears to act by stabilizing retromer expression and shows potential for future treatment of Alzheimer's disease (23) underscores the importance of understanding the assembly, function, and regulation of retromer complexes.
Significance
Cell surface proteins are regulated by a constant cycle of internalization and recycling from intracellular compartments called endosomes. From these organelles, two protein sorting platforms, sorting nexin 27 (SNX27) and the retromer complex, play a critical role in the retrieval of various proteins responsible for ion transport, glucose metabolism, neurotransmission, and other cell functions. Based on the three-dimensional structure of SNX27 in complex with the retromer subunit VPS26, we define the mechanism by which these proteins cooperate to drive endosomal cargo sorting. Retromer and SNX27 dysfunction is implicated in various disorders, including diabetes, Down syndrome, Parkinson disease, and Alzheimer's disease, and this work provides important insights into the assembly of this essential endosomal sorting machinery.
Here we establish the molecular mechanism that governs the core interaction in the assembly of the SNX27-retromer. We identify a β-hairpin insertion in the PDZ domain of SNX27 that mediates binding to a conserved groove between the two lobes of the arrestin-fold structure of VPS26A. Informed by a high-resolution crystal structure, we establish that disruption of the binding interface leads to loss of cargo recycling from endosomes to the plasma membrane. Furthermore, we reveal cooperativity between the sorting complex assembly and the sequence-dependent capture of cargo, with binding of VPS26A to the SNX27 PDZ domain increasing the affinity for PDZbms by an order of magnitude. Our work provides the first step, to our knowledge, in the molecular description of this important sorting complex, and more broadly describes a unique interaction between a PDZ domain and an arrestin-like fold.
Results
A β-Hairpin Insertion of the SNX27 PDZ Domain Mediates VPS26 Binding.
By aligning the amino acid sequence of the SNX27 PDZ domain with the sequences of the Na+/H+ exchanger regulatory factor (NHERF) 1 (24) and NHERF2 PDZ domains (Fig. 1A) , which are similar in sequence and structure but do not bind retromer, we identified a conserved stretch of 11 amino acids (Leu67-Pro77) required for binding to VPS26 (17) . As demonstrated by the crystal structure of the SNX27 PDZ domain (15) , residues Leu67-Gln79 form a β-hairpin loop containing β-strands 3 and 4 of the SNX27 PDZ domain (the β3-β4 loop) that extends from the core of the PDZ domain (Fig. 1B) .
To confirm the importance of the β3-β4 loop insertion in binding of SNX27 to VPS26, we investigated perturbations in SNX27 PDZ domain residues on binding of VPS26A using nuclear magnetic resonance (NMR) spectroscopy. 15 N/ 13 C-labeled SNX27 PDZ domain was produced, and backbone assignments were obtained to map the chemical shift variations induced on the addition of VPS26A (Fig. S1 ). Calculated Cα and Cβ chemical shift variations from random coil values for the assigned residues closely matched the secondary structure elements observed in the SNX27 PDZ domain crystal structure. These values correlated very well with the theoretical chemical shifts calculated using the ShiftX program (25) , implying that the topology of the soluble protein is highly similar to that of the crystal form (Fig. S2) . Affected residues were mapped onto the SNX27 PDZ domain crystal structure to identify the VPS26A-binding surface. Residues corresponding to broadening peaks in the 15 N-1 H HSQC spectra (displayed in black: Leu67, Ile70, Gly72, Leu74, Ala76, and Leu78) are all found within the β3-β4 loop of SNX27 PDZ domain (Fig. 1C) , suggesting involvement in binding of VPS26A. A number of residues with peaks showing altered chemical shifts on VPS26 titration are mapped to distant structural elements (displayed as blue sticks: 49S, 71N, 80H, 91D, 98G, and 100R), and might undergo subtle structural rearrangements induced by engagement with VPS26A.
Crystal Structure of the SNX27 PDZ Domain in Complex with VPS26A.
To investigate VPS26 recognition in more depth, we determined the crystal structure of the SNX27 PDZ domain bound to VPS26A at 2.7-Å resolution ( Fig. 2A and Table 1 ). There is a single complex in the asymmetric unit, and the final model contains residues 9-301 for VPS26A and residues 40-135 for the SNX27 PDZ domain. Similar to previously described apo crystal structures, the C-terminal VPS26A residues 302-327 are not visible in the electron density, confirming that this "tail" is structurally flexible (26) and remains so on SNX27 PDZ domain binding. The topology of both proteins is similar to previously published high-resolution structures (PDB ID codes 2FAU and 3QDO) (15, 26) . Overall, the structure of SNX27 PDZ domain bound to VPS26A is T-shaped in appearance, with the SNX27 PDZ domain forming the base and VPS26A the upper platform. The interaction involves docking of SNX27 into a highly complementary cleft of the VPS26 protein between the N-and C-terminal subdomains, with a relatively small buried surface area of 536 Å 2 (PDBePISA server: www.ebi.ac.uk) (Fig. 2B ). The crystal structure confirms that the conserved β-hairpin insertion, implicated in the binding of VPS26A by our NMR studies, does indeed mediate the interaction with VPS26. The SNX27 β3-β4 loop is well ordered in both free and complexed crystal structures, and its orientation relative to the core SNX27 PDZ domain structure does not change notably on binding to VPS26A (discussed further below). The two antiparallel β-strands, β3 and β4, composing a β-hairpin in the SNX27 PDZ domain, confer rigidity to this section of the protein, shaping it into an interaction platform that associates neatly within the complementary groove between the N-and C-terminal fibronectin type III domains of VPS26A. In detail (Fig. 2C) , the interface is governed by hydrophobic contacts between SNX27 and VPS26A, as well as several specific polar and electrostatic interactions. Leu67 and Leu74 within the SNX27 PDZ domain β4-strand lie in a hydrophobic cavity formed by VPS26 residues Tyr43, Leu154, and Pro299 on loop (L) 4, L10, and L19, respectively. Gln66 of SNX27 forms a hydrogen-bonding interaction with Gln153 on the VPS26A L10, and similarly the Arg68 side chain of SNX27 forms an electrostatic bond with the Asp44 carboxyl group of VPS26A on L4. The Ser69-Ile70 amide group present in the β3 strand of the SNX27 PDZ domain forms a hydrogen bond with Asp44 on L4, and the Gly72 backbone amide group interacts similarly with the VPS26 Asn113 carboxyl group on L8. The structure also indicates that part of the binding is governed by main chain contacts that result in formation of a short stretch of intermolecular β-sheet involving residues 155-156 in L10 of VPS26A and residues 65-66 preceding the β3-β4 hairpin in the SNX27 PDZ domain.
The foregoing interactions appear to constitute the core of the SNX27-VPS26A association mechanism, a hypothesis supported by the high degree of conservation of these residues (Fig. S3) . Indeed, the association of the SNX27 PDZ domain with VPS26 is conserved in metazoans, as demonstrated by the ability of the SNX27 PDZ domain from Caenorhabditis elegans to directly bind VPS26 from the same organism (Fig. S4) . Taken together, these data indicate that the SNX27 PDZ domain β3-β4 loop insertion acts as a conserved and apparently unique feature of the SNX27 PDZ domain to bind the retromer VPS26A subunit within a complementary cleft between N-and C-terminal subdomains.
Disruption of VPS26 Binding by SNX27 Prevents Recycling of Glucose Transporter 1. To validate the crystal structure of the SNX27 PDZ domain bound to VPS26, we designed mutations in key residues in SNX27 at the interface with VPS26A and tested the ability of these mutant proteins to coimmunoprecipitate VPS26. We removed the β3-β4 loop by deleting residues 67-77 (Δ67-77) and also individually mutated residues Leu67, Ile70, and Leu74 to alanine. GFP-tagged SNX27 mutant constructs expressed in HEK293T cells were immunoprecipitated with a high-affinity GFP antibody (GFP-trap) (Fig. 3A) . GFP-SNX27 precipitated both VPS26A and its paralog VPS26B, indicating that a retromer complex with either VPS26 paralog can interact with SNX27. SNX27 Δ67-77, L67A, and L74A mutant constructs did not precipitate either VPS26A or VPS26B, whereas the I70A mutation markedly reduced the association. We also confirmed these results using bacterially expressed and purified SNX27 PDZ domain and VPS26A proteins (Fig. 3B) .
To investigate the effect of abrogating the interaction between SNX27 and VPS26 on endosome-to-plasma membrane recycling, we analyzed the trafficking of a model cargo glucose transporter 1 (GLUT1), a transmembrane protein recycled in a SNX27-retromerdependent manner (17) . When SNX27 expression in HeLa cells is reduced by siRNA (Fig. 3C ), the distribution of GLUT1 changes from a predominantly cell surface localization to a late endosome/ lysosome localization as the protein fails to undergo endosome-toplasma membrane recycling and enters the degradative pathway ( Fig. 3 D and E) . Expression of siRNA-resistant GFP-SNX27 rescued this mistrafficking phenotype; GLUT1 recycled to the plasma membrane was observed in control cells. In contrast, in cells transfected with siRNA-resistant GFP-SNX27 L67A or L74A mutants, GLUT1 remained redistributed in late endosomes/lysosomes.
VPS26A and VPS26B Act Redundantly in SNX27-Retromer-Mediated
Recycling. Similar to what we found in SNX27 mutants, we found that mutating key residues on the VPS26 side of the interface also abrogated the SNX27-VPS26 interaction. We targeted two residues in VPS26A making key contacts with the SNX27 PDZ domain in the cocrystal structure (Fig. 2C ). VPS26A Asp44 was mutated to alanine (D44A) to test the requirement for one of the two salt bridges observed in the crystal structure. Leu154 was also targeted (L154A), owing to its involvement in forming a hydrophobic cavity with SNX27 Leu67 and Leu74. In GFP-trap assays, these mutants precipitated only modest levels of SNX27 (Fig. 4A) . Disruption of the interaction was specific; these mutations did not noticeably affect precipitation of VPS35. Furthermore, in direct binding assays using recombinant proteins GST-VPS26A L154A failed to precipitate the SNX27 PDZ domain (Fig. 4B) .
Because VPS26A is very similar in structure to its paralog VPS26B (27) , we investigated whether the equivalent amino acids, Asp42 and Leu152, in VPS26B are required for binding to SNX27. WT GFP-VPS26B precipitated SNX27 in a GFP-trap assay, whereas GFP-VPS26B D42A and L152A constructs did not (Fig. 4C) , indicating that the mechanism of interaction with SNX27 is conserved between the paralogs. We next investigated the effect of loss of VPS26 on GLUT1 trafficking. Using siRNA to suppress VPS26A or VPS26B individually had little effect on GLUT1 recycling, with GLUT1 remaining primarily at the plasma membrane as in control cells (Fig. S5) . In contrast, suppression of the unique core retromer subunit VPS35 resulted in a similar degree of GLUT1 rerouting to late endosomes/lysosomes as SNX27 suppression. These observations suggest redundancy between VPS26A and VPS26B proteins in endosome-to-plasma membrane recycling, in contrast to the previous finding that VPS26A-retromer can mediate endosome-to-Golgi trafficking of the mannose-6-phosphate receptor, but VPS26B retromer cannot (28) . Confirming this redundancy, when both VPS26A and VPS26B
were suppressed, GLUT1 mislocalized to late endosomes/lysosomes (Fig. 4D and Fig. S5) .
We next tested whether reexpression of siRNA-resistant GFP-VPS26 constructs is able to rescue the knockdown phenotype (Fig.  4 D and E) . Expression of either GFP-VPS26A or GFP-VPS26B restored GLUT1 cell surface localization to normal levels; however, the GFP-VPS26A L154A SNX27-binding mutant did not, as expected. These data confirm the requirement for direct engagement of VPS26 retromer subunits by SNX27 for endosome-toplasma membrane recycling of PDZbm-containing cargo, and demonstrate that either VPS26A-or VPS26B-containing retromer complexes are active in this pathway. 
Affinity of SNX27 for PDZ-Binding Motifs Is Enhanced by VPS26
Interaction. The present structure indicates the VPS26-binding site on the SNX27 PDZ domain is distinct from the site of interaction with PDZbm-containing cargo (15) (Fig. 2 A and B) ; nonetheless, retromer association may still influence the affinity of SNX27 for cargo. To investigate this possibikity, we used isothermal titration calorimetry (ITC) to measure the strength of the interaction between the GLUT1 PDZbm and the SNX27 PDZ domain in both the presence and absence of VPS26A ( Fig. 5A and Table S1 ). In isolation, an eight-residue synthetic peptide including the C-terminal GLUT1 type I PDZbm (DSQV) bound to the SNX27 PDZ domain with a low to moderate affinity (K d ∼154 μM), and mutation of H114A in the PDZbm-binding pocket of the SNX27 PDZ domain (13) abolished the interaction, as expected. In the presence of VPS26A, GLUT1 affinity was increased by an order of magnitude (K d ∼15 μM). Confirming the importance of direct VPS26A binding for this affinity increase, replacing WT proteins with binding-defective mutants abrogated this cooperative effect; SNX27 PDZ domain L74A almost completely reversed the effect, and VPS26A L154A reduced it. When assayed for binding to the Kir3.3 PDZ-ligand in the same experimental setup, an even more striking increase in affinity was observed in the presence of VPS26A (from K d 17 μM to 1.1 μM) ( Fig. 5A and Table S1 ). Thus, this allosteric bivalent recognition effect is not limited to GLUT1, but is likely a general feature of PDZbm binding by SNX27-retromer.
Comparing the structures of VPS26A and the SNX27 PDZ domain within the complex to their free forms does not provide an obvious explanation for this allosteric effect (Fig. 5B) . VPS26A has an arrestin-like fold, characteristic of the arrestin family of proteins (26) , composed of two curved β-sandwich domains with a short linker that confers some flexibility (27) . When bound to the SNX27 PDZ domain, the VPS26A N-and Cterminal domains undergo moderate movement in relation to each other compared with the apo VPS26A structure (26) . In the case of SNX27, comparing the structures of the SNX27 PDZ domain bound to either VPS26A or to the Kir3.3 PDZbm (15) shows only small-scale variations in the PDZ domain, with no major structural changes in the PDZbm-binding site that readily explain the allosteric effect. Thus, we speculate that either (i) the increased affinity is a result of long-range stabilization of the SNX27 PDZ domain by VPS26, an effect similar to that observed in the context of the Par6PDZ/Cdc42 interaction (29, 30) , or (ii) additional interactions occur between peptide residues upstream of the PDZbm and a secondary site on the SNX27-VPS26 complex. The increased affinity of PDZbms for the SNX27 PDZ domain when bound to retromer may promote the efficient capture of cargo on entering retromer-decorated endosomal tubules.
Discussion
In this study, we present the crystal structure of the PDZ domain of SNX27 bound to the retromer subunit VPS26A. Our structure shows a previously unidentified binding mechanism between the PDZ and the arrestin protein families, and establishes precisely how VPS26 can engage PDZbm-bound SNX27 while simultaneously binding with high affinity to the retromer subunit VPS35. Our detailed biochemical analysis has revealed cooperativity between retromer binding and cargo recognition through the SNX27 PDZ domain, and our phenotypic rescue experiments have clearly defined the critical importance of the SNX27 retromer association for endosome-to-plasma membrane recycling of PDZbm-containing cargos. Overall, these data provide, to our knowledge, the first detailed structural insight into the assembly of the evolutionary conserved SNX27-retromer coat complex.
The PDZ domain of SNX27 binds to retromer through its evolutionarily conserved β3-β4 hairpin loop. Although extensions of the classic PDZ fold exist in other proteins and often contribute to the assembly of signaling protein complexes, the exact sequence of this β3-β4 hairpin insertion is found only in the PDZ domain of SNX27. Many structures of PDZ domain complexes have established the molecular basis for their homodimerization (31) and heterodimerization (32) via structural embellishments. Outside of canonical PDZbm interactions, the only other known structure of a PDZ domain bound to a different protein family is that of Cdc42 bound to the CRIB motif present in the Par6 PDZ domain (33) . Thus, our structure presents a unique example of a PDZ domain insertion mediating the interaction with a distinct protein family. In addition, our structure adds to recent insights into arrestin family ligand interactions that have revealed how different members of the arrestin-like protein family provide distinct surfaces for binding their respective partners by apparently diverse mechanisms (34, 35) . As shown in Fig. S6 , the α-arrestin family member thrioredoxin-interacting protein (TXNIP) and the β-arrestin1 proteins use entirely distinct interfaces to bind their related known interactors.
Within the β3-β4 loop of the SNX27 PDZ domain, Leu67 and Leu74 contact the VPS26A surface via insertion into a hydrophobic pocket, and the interaction appears to be stabilized by two salt bonds involving Asp44 and Gln153 on each side of the cavity. The matching residue for Gln153 in VPS26B is Thr151, which likely is unable to establish a salt bridge with the SNX27 residue Arg68. This is the only notable structural difference between VPS26A and VPS26B at the interaction surface, although it remains to be seen whether this difference has any biological relevance by distinguishing the functions of the two paralogs. Indeed, we found that VPS26A and VPS26B seemingly function redundantly in SNX27-retromer-mediated endosome-to-plasma membrane recycling in a model cell system, because suppression of each protein individually had no effect on trafficking of the SNX27-retromer transmembrane cargo protein GLUT1 (Fig. S5) . Different tissue distributions of VPS26A and VPS26B in vivo (28) may indicate cell-specific roles for each paralog at the organism level, however. To validate the biological relevance of the VPS26A-SNX27 complex crystal structure, we generated mutant constructs that specifically abrogate the interaction of SNX27 and VPS26. In rescue experiments, these mutants were unable to revert the missorting of GLUT1 to lysosomes, thereby establishing the central role of the SNX27-VPS26 interaction for efficient endosome-to-plasma membrane recycling. These point mutants will be useful tools for examining the recycling of other SNX27-retromer cargos, including those involved in diverse cellular processes such as neurologic function, metabolism, and metal ion transport, among others (13, 15, 17, 18) . Thus, the involvement of SNX27-retromer in so many housekeeping functions makes the described interaction between SNX27 and VPS26 of critical biological significance. This is reinforced by the evolutionary conservation of the binding mechanism in C. elegans.
Recent studies have shown that PDZ-binding specificity determinants are not limited to the final three amino acids of the canonical PDZbm, but follow a more complex code optimized across the whole proteome to minimize cross-reactivity (36). Here we have described that the binding of VPS26 to SNX27, although not dramatically affecting the architecture of the PDZ domain, can greatly enhance binding of the PDZ domain to PDZbm in the cytoplasmic tails of GLUT1 and Kir3.3; we anticipate that this phenomenon will extend to other cargos as well. These data are suggestive of a model in which the precise sequence and structural context of the PDZbms of cargo proteins determine not only their straightforward affinity for the SNX27 PDZ domain, but also the increase in this affinity induced by association of SNX27 with VPS26. In the competition between PDZ domain-containing proteins for binding to the PDZbm of cargo proteins, the higher affinity observed on assembly of the endosome-associated SNX27-retromer would act to outcompete those with lower affinity (e.g., proteins that engage the PDZbm at the cell surface), thereby allowing retrieval of the cargo from lysosomal degradation and its ultimate recycling back to the plasma membrane. Whether our description of the binding interface between the SNX27 PDZ domain and VPS26 points to a mode of regulation in controlling the decision between cargo degradation and recycling remains to be addressed. The structure of the VPS26A-SNX27 PDZ domain complex also reveals how VPS26 engages SNX27 while simultaneously binding with high affinity to the retromer subunit VPS35. Although no high-resolution structure exists for this complex, mutagenesis, electron microscopy, and small angle X-ray scattering experiments define a loop region of the VPS26 C-terminal subdomain as the VPS35-binding site, which is remote from the SNX27-binding site in the SNX27 PDZ domain-VPS26 structure (6, 26, 27, 37) . Moreover, in presenting the first crystal structure, to our knowledge, of a retromer subunit associated with another protein other than another subunit of the core trimer, we explain precisely how SNX27 functions as a cargo adaptor that is able to bind retromer and PDZbms simultaneously. We propose a speculative model to describe how the SNX27-retromer complex may assemble on the endosome membrane (Fig. 6) . This is based on the structure described herein, as well as on previously published crystal structures of retromer subunits (5, 6, 26) ; the solution structure of retromer (37) ; crystal structures of the PX and FERM-like domains of SNX17 (10, 38) , a related member of the PX-FERM family to which SNX27 belongs; and the previously published solution structure of full-length SNX27 (10) . The model shows how SNX27 engages both NPxY and PDZbm sorting signals in the cytoplasmic tails of transmembrane cargo proteins while associated with phosphatidylinositol-3-phosphate (PtdIns3P) in the endosome membrane. VPS26 provides the interface between SNX27 and retromer, whereas the elongated structure of VPS35 bound to the opposite face of VPS26 extends out from the membrane-tethered complex. Such an extended architecture will allow space for association of the various other known retromer interactors, including the WASH complex (39), SNX3 (40), RME-8 (41), and TBC1D5 (42) . A detailed structural description of this network will provide much-needed molecular information to describe the workings of this biologically critical sorting machine. In this regard, the data presented here not only identify a mode of interaction between a PDZ domain and an arrestin-fold protein, but also represent a significant step toward this ultimate goal.
Materials and Methods
Antibodies and Peptides. The following antibodies were used in this study: mouse monoclonal β-actin (Sigma-Aldrich; clone AC-15 A1978, 1:5,000 dilution), mouse Fig. S5 ), were transiently transfected with GFP-VPS26 constructs, stained for LAMP1 and GLUT1, and imaged on a confocal microscope. (Scale bar: 10 μm.) (E) PCC and overlap coefficient (Ky) for LAMP1 and GLUT1 in VPS26-suppressed cells expressing the indicated GFP-VPS26 construct. The graph shows the mean of three independent experiments, in each of which at least 30 cells were analyzed. Error bars represent SD. *P < 0.05, two-tailed t test compared with scrambled.
monoclonal GFP (clones 7.1/13.1; Roche; 11814460001, 1:5,000), rabbit polyclonal GLUT1 (Abcam; 15309, 1:100), rabbit polyclonal KIDINS220 (Proteintech; 21856-1-AP, 1:1,000), sheep polyclonal myc-tag (made in-house for University of Bristol; 1:1,000), mouse monoclonal SNX27 antibody (clone 1C6; Abcam; AB77799, 1:500), and rabbit polyclonal VPS26A (Epitomics; S1181, 1:500), VPS26B (Proteintech; 15915-1-AP, 1:400), and VPS35 (Abcam; 97545, 1:2,000). The GLUT1 and Kir3.3 synthetic peptides used for ITC were obtained from Genscript.
Western Blot Analysis. Western blot analysis was performed as described previously (17) .
Immunoprecipitation. HEK293T cells were transfected with respective GFPtagged constructs using polyethylene imine. The cells were incubated for 48 h, followed by lysis in Tris-based immunoprecipitation buffer (50 mM Tris·HCl pH 7.4, 0.5% Nonidet P-40, and Roche protease inhibitor mixture) and then precipitation with GFP-trap beads (Chromotek).
Protein Expression, Purification, and Crystallization. cDNAs of residues 9-327 of VPS26A (mouse) and 40-135 of SNX27 (rat) were separately cloned in a pMW172KanH6 plasmid downstream of a hexahistidine tag, and a pGEX4-T2 yielding an N-terminally GST-tagged protein, respectively. The Stratagene QuikChange II Kit was used for site-directed mutagenesis. Proteins were expressed in Escherichia coli BL21 (DE3) strain overnight at 20°C and then purified using affinity chromatography followed by gel filtration. VPS26 proteins were purified on a nickel-NTA gravity column and eluted with 300 mM imidazole in 200 mM NaCl and 20 mM Hepes (pH 7). The SNX27 PDZ domain was purified on a glutathione Sepharose gravity column and eluted after 3 h of thrombin cleavage in 200 mM NaCl and 25 mM Tris (pH 8). Proteins were then gel-filtered in 200 mM NaCl and 25 mM Tris (pH 8) for SNX27PDZ, and in 200 mM NaCl and 25 mM Hepes (pH 7) for VPS26A using a Sepharose S200 16/60 column attached to an AKTA system (GE Healthcare). Fractions were pooled and concentrated separately, then directly mixed together to a 1.5:1 molar ratio of SNX27 PDZ domain to VPS26A, with a final VPS26A concentration of 20 mg/mL. Eight 96-well crystallization hanging-drop screens were set up using a Mosquito Liquid Handling robot (TTP LabTech) at 20°C. Optimized diffraction-quality crystals were obtained using the sitting drop vapor diffusion method and a buffer containing 100 mM sodium citrate (pH 6) and 4 M NaCl. The derivative crystal was produced by soaking for 3 h in the crystallization solution supplemented with 10 mM HgCl 2 . Crystals were transferred into a cryoprotectant solution of mother liquor supplemented with 0.34 M sodium malonate (pH 6) and then cooled to 100 K for transport to the synchrotron.
Data Collection and Structure Determination. Data were collected at 100 K at beamline MX1 at the Australian Synchrotron (Table 1 ) and integrated and scaled with MOSFLM and SCALA. The structure was determined by combining a molecular replacement and a single-wavelength anomalous dispersion analysis (MR-SAD) using a mercury-soaked crystal as a derivative. A first molecular replacement step was carried out using Phaser-MR (43) with the SNX27 PDZ domain and VPS26A high-resolution structures as input ensembles (PDB ID codes 3QDO and 2FAU, respectively). A partial model was generated and refined against experimental data by phasing using the peak wavelength data of mercury with AUTOSOL in the PHENIX suite (44) . A model was built using COOT (45), followed by repeated refinement and model building with PHENIX.REFINE and COOT. Most residues in the final model were built in accordance with Ramachandran statistics (favored, 96.8%; allowed, 2.4%; outliers, 0.8%). The final structure was solved at 2.7-Å resolution and revealed electron density corresponding to mercury atoms attached to the two cysteine residues of VPS26. All structural figures were generated using PyMOL (www.pymol.org).
Direct Recombinant Interaction Studies. SNX27 PDZ domain and VPS26A-myc (and mutant forms of these proteins) were cloned into pGEX6P-3 and GST fusion proteins purified from BL-21 E. coli using standard procedures. The GST tag was cleaved using precision protease (GE Healthcare) or left as GST fusion proteins bound to beads. To test for interactions, either SNX27 PDZ domain or VPS26A-myc in 50 mM Tris·HCl pH 7.4, 200 mM NaCl, 1% (vol/vol) Triton X-100, and 0.1% (wt/vol) BSA were incubated with the bead-coupled GST-VPS26-myc or GST-SNX27 PDZ domain, respectively. After washing, bound proteins were eluted by boiling in SDS sample buffer and detected by Western blot analysis.
ITC. ITC experiments were performed on a MicroCal iTC200 instrument (GE Healthcare) in 50 mM Tris pH 8 and 100 mM NaCl. The GLUT1 (PLGADSQV) and Kir3.3 (PPESESKV) peptidesat a concentration of 1.75 mMwere titratedinto 50 μM and 40 μM SNX27 PDZ domain (supplemented with 50 μM or 40 μM VPS26A when required) protein solutions at 25°C. Data were processed using ORIGIN to extract the thermodynamic parameters ΔH, K a (1/K d ) and the stoichiometry n. ΔG and ΔS were derived from the relationships ΔG = −RTlnK a and ΔG = ΔH -TΔS. N-labeled SNX27 PDZ domain were collected with increasing amounts of unlabeled VPS26 (0.25, 0.5, and 2 molar ratios). Spectra were processed using NMRPipe or the maximum entropy method and processed using the Rowland NMR toolkit with automatically generated processing scripts (46, 47) . Spectra were analyzed with the CCPNMR program. Mutagenesis. SiRNA-resistant SNX27 was generated by introducing three silent base mismatches (a1414c;t1417a;a1420t) into the ORF conferring resistance to SNX27 siRNA described above. SiRNA-resistant VPS26A was generated by introducing six silent base mismatches (c187t;a189g;a192g;c195t;a198g;a201g) into the ORF, conferring resistance to VPS26A siRNA oligonucleotide 1. siRNAresistant VPS26B was generated by introducing seven silent base mismatches (g795a;c798t;t799a;c800g;g804a;c805a;c807g) into the ORF, conferring resistance to VPS26B siRNA oligonucleotide 2.
Rescue of GLUT1 Lysosomal Missorting with SNX27 or VPS26 Constructs. Expression of endogenous SNX27 or VPS26A and VPS26B was suppressed in HeLa cells by transfecting SNX27 siRNA or a mixture of VPS26A oligonucleotide 1 and VPS26B oligonucleotide 2 siRNA. At 24 h after transfection, cells were trypsinized, seeded onto fibronectin (Sigma-Aldrich)-coated coverslips, and transfected with the respective GFP-tagged, siRNA-resistant SNX27, VPS26A, or VPS26B constructs using Fugene 6 (Roche). At 72 h after siRNA transfection, cells were fixed and stained for LAMP1 and GLUT1.
Immunofluorescence. Staining of cells for immunofluorescence was performed as described previously (17) .
Image Acquisition and Quantification of Colocalization. Images were acquired and quantified as described previously (17) .
FERM

PX PDZ PDZ VPS26
VPS35
VPS29
NPxY cargo
PtdIns3P
PDZbm Fig. 6 . Model of the SNX27-retromer complex. Low-resolution retromer trimeric structure (VPS26-VPS35-VPS29) and full length SNX27 structure were obtained from previous SAXS experiments. The overall complex was derived from overlaying these complexes with the VPS26A-SNX27 PDZ domain crystal structure. The PDZ domain (blue) and the FERM-like domain (green) of SNX27 bind PDZbm-and NPxY/NxxY-containing transmembrane cargo, respectively, whereas the PX domain of SNX27 (red) associates with the endosomal lipid phosphatidylinositol 3-phosphate (PtdIns3P). VPS26 (orange) binds the PDZ domain of SNX27, VPS35 (yellow) binds VPS26, and VPS29 (purple) in turn binds VPS35.
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